A hypothesis for explaining the differential anis otropic shrinkage behavior of wood has been proposed, and it was based on the differences in the cell wall ultra structure. The starting point of the consideration is that wood shrinkage is governed by its chemical composition, ultrastructure, and gross anatomy. It is also well known that the transverse shrinkage anisotropy of earlywood (EW) is more pronounced than that of the latewood (LW). In the paper, the cell wall ultrastructure and shrinkage anisotropy has been related to each other, and to this purpose, a set of crystallographic texture descriptors was applied. The descriptors are based on Xray diffrac tion (XRD) experiments conducted on matched EW sam ples from different growth rings of Scots pine. The range of the microfibril angle (MFA) was identified. The ratio of the maxima of inverse pole figures (IPFs) of both the tan gential (T) and radial (R) directions was determined. The ratios quantify the inhomogeneity of the spatial arrange ment of the ordered areas. The results of the study clearly indicate that the transverse shrinkage of wood is governed mostly by a specific ultrastructural organization of moder ately organized cell wall compounds.
Introduction
Wood is a cellular anisotropic biocomposite, the cell walls of which consist of heteropolymers with a supramolecu lar architecture. Wood properties can be interpreted at various levels of organization. The transverse shrink age anisotropy of wood is well characterized at the gross level (macrolevel). However, the details in this context are not at all clear. To gain more insight into this matter, an interpretation at the ultrastructural level (microlevel and nanolevel) offers more opportunities.
At the polymer level, the cell walls consist of cellu lose, hemicelluloses, and lignin, which are accompanied by minor amounts of extractives and mineral substances. The cell wall is an interconnected network or, in other words, a 3D biopolymer composite (Rowell et al. 2005) . These polymers have different hygroscopic properties due to their chemical composition as well as ultrastructural organization. In general, wood shrinkage is governed by the chemical composition, ultrastructure (supramolecu lar architecture), and gross anatomy. In normal wood, the longitudinal (L) shrinkage from the green to the oven dried condition is equal to approximately 0.1%-0.3%, and it can be considered as negligible for practical purposes. The transverse shrinkage has distinctly higher values, and it reveals a significant anisotropy, that is, tangential (T) shrinkage is usually 1.5-2.5 times that of the radial (R) shrinkage (Spear and Walker 2006) .
There is a large body of literature concerning the studies of the mechanisms governing the differential shrinkage behavior of wood, and several theories were proposed, which can be subdivided into five groups (Pen toney 1953; Kelsey 1963; Skaar 1988 ) focusing on (1) the effects of the gross structure such as ray cell alignment, (2) the interaction between earlywood (EW) and latewood (LW), (3) the differences in the mean microfibril angle (MFA) values in the T and R cell walls, (4) the cell wall lay ering (the middle lamella theory), and (5) the geometrical distribution of cell wall tissues.
It is partly believed that rays play the most important role in restraining R shrinkage, as the ray tissue shrinks less in the R direction. In the case of the broadrayed wood species, such as oak and beech, shrinkage results may support the hypothesis that rays are one of the factors responsible for transverse shrinkage anisotropy, because the ray volume is up to 17%-22% of the wood tissue in oak and beech (Skaar 1988) . However, Boutelje (1962) denied the importance of rays with this regard in softwood species.
In the EWLW interaction theory, called the Mörath theory (Pentoney 1953) , the difference in R and T shrinkage is primarily attributed to the differences in the density of EW and LW. Accordingly, the bands of LW force the bands of EW to shrink tangentially by almost as much as of LW. In the R direction, both the EW and LW shrink indepen dently, that is, they act in series and the total R shrinkage is the weighted mean shrinkage of the LW and EW (Spear and Walker 2006) . Pentoney (1953) and Boutelje (1962) tried to evaluate the influence of the Mörath theory on the differential shrinkage. Kifetew et al. (1997) suggested a relationship for calculating the gross T and R shrinkage of Scots pine based on the isolated EW and LW interaction.
The crystalline and paracrystalline celluloses of wood cell walls have limited capacity to absorb water molecules as well as to change its length or crosssection. On the con trary, the amorphous matrix formed by lignin and hemicel luloses easily binds or releases water and manifests distinct tendency to swell or shrink. The matrix shrinkage is espe cially restrained in the direction parallel to the microfibril axis. Therefore, cell walls tend to shrink excessively in the plane transverse to the microfibrils. On the R walls, the mean MFA of the S2 layer of softwood is often greater than that of the T walls (Skaar 1988) . Pentoney (1953) calculated the transverse shrinkage ratio in the most extreme case with MFA of the T wall of 0° and 45° for the R wall. It was concluded that the difference in MFA between the R and T walls may contribute to the differential shrinkage, but it is not a decisive factor of the shrinkage anisotropy. However, Gu et al. (2001) reported that the MFA of S2 on the cross section of cell wall has a considerable contribution to the shrinkage anisotropy of Scots pine.
The middle lamella theory is based on observations that the R middle lamella is thicker than the T middle lamella (FreyWyssling 1940) , and this observation was considered as the major cause of the transverse shrinkage anisotropy. However, experimental results do not support the significance of this theory. Boutelje (1973) argued that the major factor governing the transverse anisotropic behavior of pine and spruce is the geometrical distribution of the cell wall in the tissue. Kifetew (1999) conducted both theoretical calculations based on a finite element model and experiments and found no evidence that supports this theory.
The gross properties of wood are significantly influ enced by the ultrastructural composition (supramolecular architecture) of the polymers in the cell wall. In this context, the MFA is the most often applied parameter in correlating properties to the ultrastructure. Such correla tions were also found for wood hygroexpansion (Meylen 1968; Skaar 1988) . Another parameter considered in this regard was the crystallite size of the crystalline cellulose (Washusen and Evans 2001) . The hygroexpansion prop erty of wood strongly depends on its sorption behavior. Therefore, the concept of crystallinity was often applied for quantifying fractions of accessible and nonaccessible cellulose in moisture sorption (Rowell et al. 2005) .
The spatial organization of wood at the ultrastruc tural level was already recognized as nonuniform, and it revealed preferred spatial orientation of the ordered areas, which makes the structure strongly anisotropic and complex. Therefore, the application of a single parameter (i.e., the mean MFA or crystallinity) would be insufficient for describing the complexity of wood ultrastructure in the 3D space. Olek and Bonarski (2006) as well as Bon arski and implemented the 3D texture analy sis for materials with the monoclinic crystal symmetry ascribed to the lattice cell of cellulose (Zugenmaier 2008) . The analysis allowed us to obtain the orientation distribu tion function (ODF) being a probability of the density of orientations of ordered areas related to the sample ana tomical coordinate system.
Another feature of the texture analysis is its applica tion for the determination of the inverse pole figures (IPFs). An IPF is an angular distribution of a chosen sample direc tion with respect to the crystal coordinate system (Engler and Randle 2010) . Therefore, the IPFs are directly related to the main anatomical directions of wood (i.e., the L, R, and T ones). The IPFs may be used to identify the spatial organization of wood compounds having different crystal lographic organization (i.e., cellulose and hemicelluloses) and relate their contribution to the anatomical directions. Thus, it might explain the anisotropy of some wood prop erties at the ultrastructural level. The combination of such analysis with sorption and hygroexpansion properties of wood components would have special importance for explaining the shrinkage anisotropy of wood.
The objective of the study was to verify the hypothesis on the differences in cell wall compound organization as a mechanism governing the transverse anisotropic shrink age behavior of wood.
Materials and methods
Two types of experiments have been conducted: shrinkage measure ments and crystallographic texture determination. Both experiments were performed on matched Scots pine EW (Pinus sylvestris L.) sam ples. The material was obtained from a 60yearold tree harvested in Sweden. Clear EW samples were obtained for three positions in the crosssection: (a) juvenile heartwood from the 9 th growth ring, (b) mature heartwood from the 18 th growth ring, and (c) mature sap wood from the 42 nd growth ring. The shrinkage measurements were conducted on clear and satu rated EW samples. The samples in a shape of rectangular prisms were cut, and their thickness was consistent with the R direction and equal to approximately 2.8, 1.7, and 1.8 mm, respectively, for the three posi tions in the crosssection (i.e., for the 9 th , 18 th , and 42 nd growth rings). The remaining two dimensions of the samples were equal to 15 and 20 mm and consistent with the T and L directions, respectively. The samples were firstly soaked in distilled water to ensure their maxi mum swelling. The R and T dimensions of the swelled samples were measured with a digital caliper, with an accuracy of 0.01 mm. The measurements were made at three different and fixed positions in each anatomical direction and the averaged values were further con sidered in calculations. Then, the samples were oven dried for about 12 h and the measurements of the R and T dimensions were repeated for each sample. Finally, the transverse shrinkage ratio (α T /α R ) was determined for each position in the crosssection.
The Xray diffraction (XRD) experiments were performed with the Philips X'Pert system, which was equipped with a texture goniometer ATC3, for the positioning control of the examined samples. The exper imentally determined XRD patterns were used to select reflections for which the experimental pole figures were determined. The filtered Xray radiation CoKa (l = 0.179026 nm) was applied. The samples in a shape of rectangular prisms were prepared for the XRD experiments. The dimensions of the samples were 2.5 × 15 × 20 mm for the R, T, and L directions, respectively. The TL plane of EW was subjected to the XRD experiments and the volume of the investigated material was equal to approximately 0.8 mm
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. The large volume of the material allowed us to obtain the averaged characteristics of the ultrastructure. During a single XRD experiment, 642 individual diffraction patterns were reg istered. It allowed us to increase the reliability and representativeness of the results (Bonarski and Olek 2011; Olek and Bonarski 2012) . The Schulz backreflection technique (Schulz 1949 ) was applied to register a set of the incomplete pole figures of the (101), (001), and (010) planes. Due to a partial coincidence, the diffraction signals for singular reflec tions were extracted by a mathematical modeling of the registered spectra. The 3D ODFs were determined from the experimental pole fig ures for all sets of the investigated samples. The ODFs were obtained according to the modified procedure, which was implemented for the materials characterized by the monoclinic lattice symmetry Olek and Bonarski 2006) . The application of the ODF made it possible to account for the textureindependent diffraction (Bonarski et al. 2000) and background halo intensities of the crys talline and amorphous phases, respectively. Thus, the less ordered wood compounds (i.e., paracrystalline cellulose, hemicelluloses, and lignin) could be considered as contributing to the diffraction signal (Åkerholm and Salmén 2003; Stevanic and Salmén 2009 ).
Results and discussion
The mean transverse shrinkage ratio of the T to R direc tions (α T /α R ) was calculated for each position in the trans verse crosssection based on the shrinkage data from the green to ovendried state (Table 1) .
The texture experiments were informative in terms of the spatial distribution of the crystallographic orien tations within the cell wall. The crystallographic texture was described by ODFs, which were used for deriving numerous crystallographic descriptors useful for the evaluation of anisotropy of wood ultrastructure. The IPFs were directly related to the spatial organization of the wood compounds and were important descriptors of the ultrastructure. The IPFs of the T and R directions are pre sented in Figures 1-3 .
The maximum values of IPFs were calculated for the T direction (i.e., R cell wall), IPF(T) max , and for the R direc tion (i.e., T cell wall), IPF(R) max . Then, the ratio of the maxima was calculated as IPF(T) max /IPF(R) max . The ratio quantified the differences in the spatial arrangement of the ordered areas along both anatomical directions. The values of the ratio as obtained for the investigated three positions in the crosssection are given in Table 1 . The sig nificant differences in the orientation distribution of the polymers were found for the T and R anatomical directions when analyzing the IPFs (Figures 1-3) . The IPFs revealed the crystallographic planes of the ordered as well as less ordered areas, which were located perpendicularly to the individual anatomical directions. Regarding the natural anisotropy of cellulose crystallites and less organized hemicelluloses, the IPFs directly indicated the global ani sotropy of ultrastructure within the cell wall. It was primary because the differences were identified for the T and R directions. The differences in this regard were lower for the organized components of the cell wall under consideration of the shrinkage. The IPF(T) max data were lower than those of the IPF(R) max and it can be explained as a higher tendency for shrinking in the T direction. The relation was observed for all investigated positions in the crosssection (Table 1) . However, the ratio IPF(T) max /IPF(R) max was increasing with the growth rings and it was interpreted that the impact of less organized components was decreasing. The ratios of IPF(T) max /IPF(R) max can be directly correlated with the cal culated values of the shrinkage ratio (α T /α R ) for all investi gated growth rings (Table 1) . The pole of the (010) lattice plane of the crystalline cel lulose represents, by definition, the "b" lattice period of the unit cell being approximately coaxial with the longitudinal direction of microfibrils. Thus, the spatial arrangement of the (010) poles depicts the distribution of values of the MFA (i.e., the most common descriptor of wood ultrastruc ture). However, due to physical reasons (i.e., the relatively low diffraction intensity of the 040 reflection available for measurements), the direct identification of the singular (010) pole distribution [i.e., the (010) pole figure] is rela tively difficult and erroneous from a point of view of the texture interpretation. The ODF is calculated from a set of complementary pole figures [e.g., (101), (001), and (010) registered on 101, 002, and 040 reflections by XRD]. The calculated ODF allows, by definition, to determine the spatial distribution of any (hkl) lattice plane (i.e., to recal culate pole figures, including the nonmeasurable ones). Moreover, the calculated ODF allows to obtain the IPFs related to any virtual crosssection of the examined mate rial. The sophisticated property of the ODF also allows to project the spatial distribution of the (010) plane onto the RT plane of wood. Thus, such selected reference system of the (010) pole figure reveals directly the spatial distribu tion of the MFA. The abovedescribed feature of the ODF, as derived from the experimental pole figures registered on the TL plane of the investigated wood, served for determin ing the MFA distribution. It was made by the 90° rotation of the ODF around the T direction (Figure 4) .
The traditional methods for characterizing wood ultrastructure are usually limited for determining the angle between the axes of cellulose microfibrils and the longitudinal direction of cells (i.e., MFA) (Barnett and (010) pole figures revealed by the RL plane (blue curve) and TL plane (red curve) together with the MFA variation for the T and R directions (σ T and σ R ): (a) heartwood juvenile wood 9 th growth ring, (b) heartwood mature wood 18 th growth ring, and (c) sapwood mature wood 42 nd growth ring. Note: Level 1 was selected to distinguish between the organized and random areas of cell wall compounds (Bunge 1982) .
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). Both the microscopic techniques and XRD give rise only to mean values of MFA, although the MFA values differ to some extent within the cell walls. The approach applied in the present study made it possible to find the differences in the MFA values related to individ ual anatomical directions. Thus, the angular ranges of the MFA as related to the T and R directions were determined and denoted as Δμ T and Δμ R , respectively (Bonarski and Olek 2007) . The ranges were directly measured from the central zone of the complete pole figures given in Figure 4 and applied to quantify the MFA variation. The ultrastruc ture anisotropy was quantified by the Δμ T /Δμ R ratio and presented in Table 1 . The values of the angular range were also revealed by the intensity profiles of the (010) pole figures projected on the RL and TL planes ( Figure 5 ). The scheme of tracing intensity profiles (Figure 6 ) was marked on the polegrid projection for the RL (left) and TL (right) planes, respectively. The MFA variation in intensity pro files was denoted as σ T and σ R for the T and R directions, respectively. Also, these descriptors clearly accounted for the ultrastructural anisotropy as shown in Figure 5 .
The intensity profiles depict that the MFA values are varying in some angular range around the L axis. More over, the variation is asymmetrical with respect to the L axis. The presented profiles also show that the range and character of the MFA values in the T direction is essen tially higher than in the R direction ( Figure 5 ). The left and right side limits of the MFA variation were determined by the intersection of the intensity profiles, with the intensity value of 1 being considered as the limit of random crystal lographic orientation ( Figure 5 ). The integrated intensities of the profiles (I T and I R ) as well as their ratio (I T /I R ) were also determined. These descriptors indicate the differ ences in the microfibril arrangement in the selected ana tomical directions (Table 1) .
Although the crystallographic descriptors derived from the strongest XRD signal account for the shrinkage anisot ropy, they are not as accurate as the IPF(T) max /IPF(R) max ratios. It is especially obvious when relating the crystallo graphic descriptors and the shrinkage ratio (α T /α R ) for the subsequent positions in the crosssection. The ratios of the angular range of the MFA (Δμ T /Δμ R ) and integrated inten sities of the profiles of the (010) pole figures account for the arrangement of cellulose microfibrils. Therefore, the application of these crystallographic descriptors is char acterized by similar drawbacks, as the theory accounts for the differences in the MFA values in the R and T cell walls. However, the crystallographic descriptors applied in the present study delivered more information on the ultra structure compared to the traditional concept of MFA. The method reported in the paper avoids erroneous measure ments of MFA due to the direct registration of poor diffrac tion intensity of the 040 reflection. The MFA measurements based on the 040 reflection seem to be possible to some extent in the sophisticated synchrotron experiments with a very narrow Xray beam (Lichtenegger et al. 1999) . The other advantage of the reported method is a lack of the internal discrepancy of the experimental pole figures reg istered for relatively homogeneous surface layers on the examined LT anatomical plane, which is impossible in a case of another planes (especially the RT one). Moreover, the presented method can be easily applied in any labora tory having conventional XRD instrument equipped with a texture goniometer.
Conclusions
The significant differences in cell wall polymer distribu tion were found by means of IPFs of the T and R anatomi cal directions. The differences can be quantified by the IPF maxima ratio IPF(T) max /IPF(R) max , which clearly show lower maximum values in the T direction compared to the R direction. This finding was interpreted as that the lower fraction of highly organized components of wood cell wall was found in the T direction, and consequently, in this direction, the higher content of hemicelluloses (i.e., less organized phase) was recognized. The lower IPF(T) max can be interpreted as a more pronounced tendency for shrink ing in T than in R direction. It can be safely concluded that a relation between shrinkage ratio α T /α R and the ratio IPF(T) max /IPF(R) max is established. Accordingly, the obser vation seems to support the hypothesis on the influence of the differences in the preferred spatial distribution of hemicelluloses as a mechanism governing the transverse anisotropic shrinkage behavior of Scots pine wood.
The applied crystallographic descriptors gave a similar tendency, as it was earlier observed for the IPF analysis. However, the relation between the descriptors and the shrinkage ratio was not so clear for all studied positions in the crosssection. It again may support the hypothesis that the differences in microfibril alignment in the R and T walls contribute to the anisotropic shrinkage behavior. However, they might not be a governing factor in explaining the shrinking anisotropy.
A general relation was found that the strongly pre ferred crystallographic orientation is developed in a given anatomical direction where less shrinkage is observable.
